The structural gene for a thermostable a-amylase from Bacillus stearothermophilus was cloned in plasmids pTB90 and pTB53. It was expressed in both B. stearothermophilus and Bacillus subtilis. B. stearothermophilus carrying the recombinant plasmid produced about fivefold more a-amylase (20.9 U/mg of dry cells) than did the wild-type strain of B. stearothermophilus. Some properties of the a-amylases that were purified from the transformants of B. stearothermophilus and B. subtilis were examined. No significant differences were observed among the enzyme properties despite the difference in host cells. It was found that the a-amylase, with a molecular weight of 53,000, retained about 60% of its activity even after treatment at 80°C for 60 min.
The genus Bacillus produces a large variety of extracellular enzymes, some of which are of industrial importance, e.g., neutral protease is used for brewing and ot-amylase is used for starch liquefaction and brewing (5) . As far as the extracellular and industrially significant enzymes are concerned, it is a matter of course that enzymes which are thermostable rather than thermolabile are more versatile. The structural gene of thermostable neutral protease from Bacillus stearothermophilus in both B. stearo? thermophilus and Bacillus subtilis has already been cloned (7) . The cloning of the thermostable a-amylase gene was attempted in this work, although the a-amylase genes from Bacillus amyloliquefaciens and Bacillus coagulans have been cloned in vector plasmids previously (4, 14) .
The purpose of this paper is to describe the cloning of the a-amylase gene of B. stearothermophilus in both B. stearothermophilus (thermophile) and B. subtilis (mesophile) and to discuss the expression of the gene in each host bacterium.
MATERIALS AND METHODS Media. L broth and L agar have been described previously (9) . LS agar was L agar supplemented with 1.0% (wt/vol) soluble starch.
Bacterial strains and plasmids. Bacterial strains used in this study are listed in Table 1 . B. stearothermophilus CU21, which produces a thermostable amylase, was used as a donor of the gene. Amylase-negative strains could not be obtained from B. stearothermophilus CU21 by a single mutagenic treatment with Nmethyl-N'-nitro-N-nitrosoguanidine (NTG). Consequently, amylase-negative strain AN174 was obtained from strain CU21 by two successive NTG treatments (7) . The pTB90 (encoding resistance to both kanamycin and tetracycline (Kmr Tcr) (9) and pTB53 (Kmr Tcr) (8, 10) were used as vector plasmids for B. stearothermophilus and B. subtilis, respectively.
Preparation of plasmid and chromosomal DNA. Either the rapid alkaline extraction method or CsClethidium bromide equilibrium density gradient centrifugation as described previously (9) were used to prepare plasmid DNA, whereas chromosomal DNA was prepared as described elsewhere (10) .
Transformation. Transformation of B. stearothermophilus protoplasts with plasmid DNA was done as described previously (9) . For transformation of B. subtilis with chromosomal DNA, competent cells were prepared as described previously (10) . The Purification of extracellular amylase. B. stearothermophilus AN174 that carried a recombinant plasmid was cultivated in 1 liter of L broth containing kanamycin (5 j,g/ml) at 55°C overnight. After centrifugation (8,000 x g, 10 min) of the culture broth, ammonium sulfate (30% saturation) was added to the supernatant, and the solution was kept at 4°C for 5 h. The precipitate was removed by centrifugation (16,000 x g, 20 min). Ammonium sulfate was again added to the supernatant to a final concentration of 45% saturation, and it was maintained at 4°C overnight. After centrifugation (16,000 x g, 20 min), the precipitate was dissolved in about 20 ml of 50 mM Tris-hydrochloride buffer (pH 7.5) containing 1 mM CaCl2 and dialyzed against the same buffer. The enzyme solution was applied to a column (1.6 by 43 cm) of DEAE-Sephadex A25 that had been equilibrated with the same buffer. Most of the amylase activity was eluted in the void volume. The enzyme fractions, pooled in a dialysis tube, were dehydrated in polyvinylpyrrolidone solution. The concentrated enzyme solution was used for isoelectric focusing.
B. subtilis TN106 carrying a recombinant plasmid was also cultivated in L broth at 37°C for 24 h. The purification of amylase was exactly the same as before.
Isoelectric focusing. Electrofocusing of amylase was done as described elsewhere (9a) except that Ampholine (pH 3.5 to 10.0) was used (2%) and the voltage was at 800 V initially for 24 h and at 1,200 V for another period of 24 h. Right after the isoelectric focusing, the fractionation was done to measure pH, and each fraction (1 ml), after addition of 0.1 ml of 40 mM potassium phosphate buffer (pH 6.0) containing 1 mM CaCl2, was subjected to the determination of amylase activity.
Protein assay. The protein concentration as measured by the Lowry method, using bovine serum albumin as standard (11) . After isoelectric focusing, protein was assayed by the method of Bensadoun and Weinstein (1), i.e., 24% trichloroacetic acid solution (1 ml) was added to the sample to precipitate protein.
The precipitate obtained by centrifugation (3,300 x g, 30 min) was assayed by the Lowry method.
Paper chromatography of starch hydrolysate. Chromatography of the starch hydrolysate was carried out in the ascending mode on Whatman no. 1 filter paper with a solvent mixture of n-butanol-pyridine-water (6:4:3, by volume) overnight, and sugars were detected by spraying with silver nitrate solution (17) .
Thermostability of enzyme. Amylase (about 20 U/ml) in 40 mM potassium phosphate buffer (pH 6.0)-i mM CaCl2 was treated at constant temperatures (65, 70, and 80°C). Glass tubes containing samples taken at appropriate time intervals were cooled quickly with ice water, and the remaining amylase activity was assayed at 40°C. Other procedures. Procedures for mutagenesis, digestion of DNA with restriction endonucleases, ligation of DNA with T4 DNA ligase, agarose gel electrophoresis, and sodium dodecyl sulfate-polyacrylamide gel electrophoresis are described elsewhere (7) (8) (9) . Unless otherwise specified, all chemicals used in this work came from the same sources described in the previous papers (7) (8) (9) Amy') and designated as pKA1l and pKA21, respectively. The two plasmids were indistinguishable in molecular size and HindIII digestion patterns in preliminary examinations (data not shown). Since pKA11 and pKA21 seemed to be sisters resulting from the same transformed cell, pKA11 was used for further experiments.
The transformation of B. stearothermophilus AN174 with pKA11 yielded many Kmr Tcr Amy' colonies, indicating that the ability to produce amylase was associated with the recombinant plasmid.
pKA11 DNA was digested with several restriction endonucleases and subjected to agarose gel electrophoresis. HindIII digestion of pKA11 yielded seven fragments (Fig. 1, lane A; Amy'). DNA of pAT9 transformed B. stearothermophilus AN174 again to Kmr Tcr Amy'.
The plasmid pAT9 was digested with several restriction endonucleases, whose digestion patterns were examined by agarose gel electrophoresis. pAT9 was composed of two HindIII fragments (6.7 and 4.8 Md; Fig. 1, lane C) . This fact indicates that the gene(s) for amylase is coded on the 4.8-Md HindIII fragment. A restriction map of pAT9 is shown in Fig. 2 .
Cloning of the amylase gene in B. subtilis. pAT9 DNA prepared by CsCI-ethidium bromide density gradient centrifugation was used to transform B. subtilis TN106. Although many Kmr Tcr Amy+ transformants were obtained, plasmid pAT9 was quite unstable. Consequently, the construction of another recombinant plasmid was needed in B. subtilis.
A low-copy-number plasmid, pTB53 (Kmr Tcr) (10), was used as a vector. HindIII digests of pAT9 and pTB53 were mixed, ligated, and used for the transformation of B. subtilis TN106.
Among about 500 Kmr colonies, nine Amy+ transformants were detected. A new recombinant plasmid, pAT5, was obtained from one of these transformants (Kmr Tcr Amy'). pAT5 transformed B. subtilis TN106 to Kmr Tcr Amy' and was stably maintained in the host strain. pAT5 consisted of two HindIII fragments (11.2 and 4.8 Md; Fig. 1, lane E) . A restriction map of pAT5 is shown in Fig. 2 . The restriction maps of pTB90 and pTB53 are also shown for clarity.
Expression of the amylase gene in B. stearothermophilus and B. subtilis. The amylase activities of culture supernatants from both B. stearothermophilus and B. subtilis with and without recombinant plasmids were examined (Table 2) . Parental strain B. stearothermophilus CU21 produced 3.9 U/mg of dry cell. Neither host strain AN174 nor the strain carrying vector plasmid pTB90 produced a detectable amount of amylase. In Table 3 , wherein the specific activity of the enzyme solution and recovery in the consecutive steps are noted. For both species, the enzyme solution after column chromatography on DEAE-Sephadex A25 was subjected to isoelectric focusing to purify amylase and determine the isoelectric point.
Extracellular amylase from B. stearothermophilus AN174(pAT9) showed two peaks of enzyme activity (Fig. 3A) . It was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis that both peaks [minor and major, for fractions 67 (pH 6.9) and 84 (pH 8.8), respectively] corresponded to a molecular weight of 53,000 (Fig. 4, lanes A and B) . The recovery of total enzyme activity in the isoelectric focusing step for B. stearothermophilus AN174(pAT9) was 97.4%. Fig. 3B shows another isoelectric focusing of amylase from B. subtilis, exhibiting again two peaks of enzyme activity [fractions 49 (pH 6.6) and 66 (pH 8.7)]. The recovery of total enzyme activity in this step was 85.7%. Similarly, the enzymes corresponding to the two peak fractions were subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis. As a result, amylases from B. subtilis TN106(pAT5) showed the same electrophoretic mobility as amylases from B. stearothermophilus (Fig. 4, lanes C and  D) . The thermostability of these enzymes is shown in Fig. 5 (6, 7, 9a, 10) . These observations would suggest that some The extracellular a-amylase of B. stearothermophilus CU21 is considerably thermostable, but the enzyme was quite unstable in the absence of Ca2 , similar to other a-amylases of B. stearothermophilus (12, 13, 15) . Actually, when the a-amylase in this work was treated at 65°C for 15 min in the absence of Ca2 , less than 10% of the initial activity was detected. In contrast, the enzyme activity was not inactivated at all in the presence of Ca2+, even after treatment at 65°C for 60 min. For this particular reason, Ca2+ was added throughout to the assay solution.
No significant difference was observed between the properties (molecular weight and thermostability) of a-amylases produced by B. stearothermophilus and B. subtilis despite the difference in host cells. However, isoelectric focusing exhibited two peaks of the enzyme activity (pl, 6.6 to 6.9 and 8.7 to 8.8) for B. stearothermophilus AN174(pAT9) and B. subtilis TN106(pAT5), respectively. The appearance of these two a-amylase fractions might be ascribed to the following reasons, either separately or collectively: (i) two structural genes of aamylase were simultaneously cloned in the 4.8-Md HindIII fragment, (ii) the ae-amylase from a single structural gene was processed in the secretion through cytoplasmic membrane, and (iii) extracellular oa-amylase was combined with charged materials such as polyamines. Further work to delineate the intriguing phenomenon of two ca-amylases, different in pl values but essentially the same in specific activity, is now in progress. ACKNOWLEDGMENT Technical assistance from H. Minamino of our department is appreciated.
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